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Abstract 

Large scale structure and microwave background anisotropies are stud- 
ied for warm dark matter models. Two warm dark matter candidates are 
considered: gravitinos and sterile neutrinos. Linear large scale struc- 
ture properties such as as and the excess power are calculated, as well 
as microwave background anisotropies. A rather robust feature of warm 
dark matter models is that the large scale structure properties are sim- 
ilar to those of mixed dark matter, but that the microwave background 
anisotropy is very similar to that of standard cold dark matter. 



1 Introduction: CDM, HDM and WDM 

One of the outstanding problems in cosmology today is that of dark matter and 
its role in structure formation. Dark matter is usually classified by its velocity 
dispersion at matter-radiation equality, when structure formation commences. 
At that time, cold dark matter has a negligible mean velocity, which prefer- 
entially leads to the collapse of small scale objects. Hot dark matter on the 
other hand, has a very high mean velocity at matter-radiation equality, which 
means that the hot dark matter is able to free-stream out of the gravitational 
potentials. The typical hot dark matter candidate is a relatively light neutrino. 
For a neutrino with a mass m^, the free-streaming length is 

/ \-i / 10.75 

where g^:{TD) is the number of relativistic degrees of freedom when the particle 
decouples from the plasma. Neutrinos, for example, decouple when (7,(Td) = 10.75. 
This free-streaming of power to larger scales means that larger objects tend to 
form first, later fragmenting into smaller objects. 
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These are the simplest models of structure formation. In both of these 
scenarios, after fixing the initial power spectrum and the classical cosmological 
parameters f2, the cosmological constant A, the baryon density lib, and the 
Hubble constant Hq, the model is completely specified. Typically, for example, 
P{k) = fc, = 1, A = 0, 0.01 <nb< 0.1, and 0.5 < h < 1. It has long been 
recognized, however, that both of these models have serious difficulties. Hot 
dark matter, for example, tends to form structures at very low redshifts (z « 1) 
whereas many galaxies and quasars are observed at redshifts up to z of 4. Cold 
dark matter, on the other hand, has no difficulty forming galaxies, but tends to 
produce too much power on small scales and not enough on large scales. 

Previous work on solving this problem has tended to focus on three solutions: 
mixed dark matter |[ |[ ^ , a tilted power spectrum , and a cosmological 
constant H, ^, |l^, |ll[ . Mixed dark matter models include some hot dark matter 
to complement the cold dark matter. The free-streaming neutrinos can then 
disperse some of the small scale power to larger scales. The second approach is 
a tilt in the primordial power spectrum, P(fc) = k", with n < 1. This is a rather 
generic prediction of most inflationary models. Since the inflationary potential 
is not constant during the inflationary epoch, the spectrum of fluctuations is not 
exactly scale invariant. This tilt in the power spectrum results in less power at 
small scales (high k). Finally, there is the cosmological constant. For a fixed f2, 
adding a cosmological constant at the expense of the matter both decreases the 
matter density, and, through spatial repulsion, disperses power to larger scales. 

In this article, we consider another solution to this problem, warm dark 
matter. Warm dark matter is an alternative to mixed dark matter. Rather 
than having two dark matter components, one hot and one cold, warm dark 
matter is a single dark matter component with a mean velocity that is greater 
than that of cold dark matter but less than that of hot dark matter. One then 
hopes that warm dark matter is hot enough to reduce the small scale power of 
CDM but still cold enough not to lose all of the small scale power, as in the 
case of HDM. 

2 Warm Dark Matter Candidates 

Traditional extensions of the standard model of particle physics usually involve 
supersymmetry or massive neutrinos. Both of these scenarios produce interest- 
ing dark matter candidates. Depending on the scale of supersymmetry breaking, 
either gravitinos or neutralinos may be produced with cosmologically interesting 
abundances. At present, the two best warm dark matter candidates are grav- 
itinos or right-handed neutrinos. Here we consider the motivations for these 
particles. 

2.1 Supersymmetry 

Perhaps the most promising extension to the standard model is supersymmetry, 
which is a symmetry relating bosons (integral spins) to fermions (half-integer 
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spins). In supersymmetry, every known particle has a supersymmetric partner 
which differs in spin by ^. As an example, the photon (spin 1) has a super- 
symmetric partner called the photino (spin i). Supersymmetry has a number 
of features, perhaps the most appealing of which is that it stabilizes the low 
energy sector against radiative corrections that would otherwise drive the Higgs 
mass up to the Planck scale. It also seems to be an essential element for string 
theory, the leading candidate for a theory of everything. 

The fact that none of the supersymmetric partners have been observed means 
that supersymmetry must currently be broken. In the old days, it was thought 
that supersymmetry was broken at low energy scales. In this case the gravitino, 
which is the spin | partner of the graviton (spin 2) , has a mass |Q 

TO3/2 = ^^TiG/&F ^ keV, (2) 

where F is the Goldstino decay constant, which is the expectation value of the F 
component of some hidden sector field responsible for breaking supersymmetry. 
Since it is reasonable to expect that the threshold energies for the SUSY particles 
are comparable to the symmetry breaking scale F, the gravitino is expected to 
be the lightest supersymmetric particle or LSP. Pagels and Primack proposed 
the ±^ helicity component of the spin | gravitino as a dark matter candidate. 
This helicity component, which couples much more strongly to matter than the 
±1 component | [l3| , 15 , is able to remain in thermal equilibrium until about 



the electroweak phase transition, when it decouples and freezes out, leaving a 
relic abundance of gravitinos. 

Low energy SUSY breaking is an idea that has received some renewed in- 
terest lately in the models of Dine et. al ^ |l^ and as a result of the 
CDF 77e+e~ event (although one event is hardly compelling, much less 
statistically significant). In these models, it is assumed that there is a hidden 
sector which consists of a new set of fields and interactions responsible for break- 
ing supersymmetry. If these fields carry the quantum numbers of the standard 
model such as color, electric charge, etc., they will couple to the supersymmetric 
particles through gauge loops. This is known as gauge mediated supersymmetry 
breaking. As was the case in the model of Primack and Pagels, the gravitino is 
again the LSP with a mass 



It is interesting to note that in the context of gauge-mediated SUSY breaking, 
the interpretation of the CDF 776+6" event requires y/F ~ lO'^TeV |21, 2^, | 



|, which means that the gravitino mass 777.3/2 should be less than about 250eV. 
Since the gravitino is the lightest supersymmetric particle, all other supersym- 
metric particles will decay into the gravitino in a cosmologically short time scale 
[ p5| . This raises the rather interesting possibility of having two populations of 
gravitinos, one of which is produced by freezeout (discussed below), and another 
which is produced non-thermally by sparticle decays 12^, |27| . 
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2.2 Neutrinos 



In the standard model, fermion Dirac masses arise from terms in the Lagrangian 

C = -vjL<^HfR, (4) 

where y is the Yukawa couphng of the Higgs field to the fermion field 
/, whieh has been decomposed into left (L) and right (i?) handed compo- 
nents. When the Higgs field acquires a vacuum expectation value cr/-\/2, Lm = 
{ya / \/2)fLfR^ giving the fermion a mass mf — ya/^/2. In the electroweak 
model, though, there are no right-handed neutrinos and so the neutrinos are 
massless. 

Massive neutrinos have many advantages, however. They seem to be the 
best explanation for the solar neutrino puzzle, in which the observed Boron 
neutrino flux is only about 1/3 of what is expected and the observed Beryllium 
neutrino flux is only about 60% of what is expected.]] Furthermore, models of 
structure formation in which some of the dark matter consists of neutrinos with 
a total mass of about 5eV do quite well when compared to the observational 
data ||. 

Although there are no right-handed neutrinos in the electroweak theory, right 
handed neutrinos are possible in extensions of the standard model. Typically 
in such models, the mass term in the Lagrangian is 

£ = DM„i^, (5) 

where 

M.= (' "l^V (6) 

is the mass matrix of the neutrinos, is the Dirac "mass" of the standard 
model neutrino interaction eigenstates and Mr is the "mass" of the right-handed 
neutrino interaction eigenstates. Note that because the physical states are a 
mixture of the interaction eigenstates, the masses of the physical states are 
not necessarily equal to and Mr. Actually, the physical masses are the 
eigenvalues of the mass matrix Ad^. In the case that Mr » rriD, which occurs 
in many models, the physical neutrino masses are just rrii, ~ rnjj/Mn and 



mjv ~ Mr. This is known as the seesaw mechanism ]3ll, 32, 34. It seems 



reasonable to expect that the Dirac mass terms niu are of the same order as the 
other low energy Dirac mass terms, niu ^GeV; then, if AIr (and therefore mTv) 
is large, m^iriN = rnjj, which explains why ordinary neutrinos (toj^) are so light. 
Since we have no idea what the values oimo and Mr might be, it is not hard to 
imagine that there might be a suitable combination of mjj and Mr which could 
give masses in the range of 1-lOeV, just right for hot dark matter. Another 
interesting consequence of massive neutrinos is that of oscillations. Since the 
mass eigenstates are mixtures of the interaction eigenstates, it is possible for 
interactions to change one kind of neutrino into another, thereby explaining the 
solar neutrino puzzle. 

^For a review, see |28l 
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In addition to dark matter, which consists of eV mass neutrinos, several 
authors have considered the idea of a population of heavier sterile neutrinos. 
Using the seesaw model, Dodelson and Widrow Q considered the possibility 
that neutrino oscillations could produce a population of sterile neutrinos, but 
not at a rate fast enough for the sterile neutrinos to reach thermal equilibrium. 
In this scenario, the left-handed neutrino masses are tiny: m^L ^ 0.22eV, much 
too small to be cosmologically interesting. 

Another possibility is the model of Malaney, Starkman, and Widrow |]36| . 
Typically when one considers right-handed neutrinos, it is assumed that all of 
the right-handed neutrino fields are very massive (M ~ lO^^'GeV). Malaney et 
al. relaxed this assumption and supposed that one of the right handed neutrinos 
has a much lower mass (M' ~ 200eV). In this model there are light neutrinos 
(m « 25ft.^eV) and a heavier, sterile neutrino (M' ^ 700/i^eV), which is a mixed 
dark matter scenario. A supposed advantage of this model is that all of the 
dark matter can be placed in the neutrino sector; the drawback is that one has 
to impose a rather unnatural hierarchy among the masses of the right-handed 
fields: M' < M. 



3 The WDM Distribution Function 

The dark matter distribution function can be written as^ ||3 



f = — ^ (7) 

where po = y/p'^ + and rriw is the mass of the warm dark matter particle. 
The distribution function has three free parameters: mw^oiw and j3w Fixing 
the warm-dark matter density gives one constraint: 



leaving two free parameters, and 

The parameter depends on the temperature of the dark matter par- 
ticle when it decouples from the radiation field: 



r„ / 4 \ 10.75 ^ ^'^ 



(9) 



where 10.75 is the number of degrees of freedom at ordinary neutrino-decoupling 
and g*{To) is the number of degrees of freedom at WDM decoupling. In the 
standard model of particle physics, (/♦(Td) has the approximate temperature 

^Note that / reduces to the distribution function for hot dark matter (such as a light 
neutrino) when = (4/11)^''^ and /3u, = 1. When oo and /3uj — » 0, / describes cold 

dark matter. 
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dependence 




r<MeV 

, MeV-T-lOOMeV 

200MeV ^ T ^ SOOGeV 
T - SOOGeV 

Let us consider some examples. Pagels and Primack assumed that lot, 
the threshold for the production of supersymmetric particles was of the order 
of the weak interaction scale, i.e., lut ^100 GeV or larger. In that case, the 
gravitinos could remain in equilibrium down to temperatures ~ ujt, leading 
them to expect that g*{T£)) ^100. In the model of Dodelson and Widrow |]35| , 
for < lOOeV, the right-handed neutrinos are produced at temperatures of 
lO's of MeV, and so g^iTo) = 10.75. 

The parameter (3yj depends on how the warm dark matter particles are pro- 
duced. Particles that are simply thermal relics, and whose relic abundance just 
depends on when they freeze out, like hot dark matter, have = 1. A parti- 
cle which is produced out of thermal equilibrium, however, will typically have 

< 1. In the model of Dodelson and Widrow, for example, the parameters of 
the neutrino mass matrix lead to (3w < 1. 



Colombi et al. |37 found that a warm dark matter particle with a mass 
my, and a temperature T^,, which has a mass to temperature ratio mw/T^ = 
A6eV/T^, where = 1.9K, satisfies several observational tests in the linear 
regime. These tests included excess power on 25/i^^ scales, bulk velocities on 
scales of 40/i^^ — 60/i^^Mpc, and normalization to the COBE data. On the other 
hand, non-linear simulations suggest that although WDM does a good job of re- 
producing the observed structure, it also produces too much small-scale power. 
WDM may also have trouble forming galaxies early enough. And recently, Pier- 
paoli et al. found that warm dark matter models with light gravitinos 

(lOOeV < TUg < IkeV) have problems producing the required HI abundances 
within high redshift damped Ly-a systems and sufficient abundances of local 
galaxy clusters. It seems reasonable to expect that warm dark matter models 
consisting of sterile or right-handed neutrinos will have the same difficulties. 
Here we propose another test of warm dark matter, one that combines large 
scale structure statistics and upcoming microwave background anisotropy ex- 
periments. Since the two leading warm dark matter candidates are gravitinos 
and neutrinos, let us consider each of those in turn. 



4 Gravitinos 

If supersymmetry is broken at low energy scales, the gravitino is typically the 
lightest supersymmetric particle. In the model of Pagels and Primack it 
was assumed that the threshold for SUSY particle production, above which 
the gravitino is in thermal equilibrium, was roughly of the order of the weak 
energy scale. This still seems reasonable in the context of gauge-mediated SUSY 
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Model 


CT8 


EP 


sCDM 


1.18 


1 


g^iTo) = 107 


1.17 


1 


g,{TD) = 62 


1.15 


1.02 



Table 1: Large scale structure quantities for pure gravitino warm dark matter 
models. 

breaking theories. In this case, 5* (To) is about 107 or 62, depending on whether 
the gravitinos freeze out before or after the electroweak phase transition. Using 
these assumptions, we can see that if the gravitino is to provide closure density, 
the value of will typically be less than about 250eV. Since the gravitino 
mass is heavier than that of the hot dark matter (~ 2.4eV), but is much less 
than that of the typical cold dark matter (~GeV), these gravitinos behave like 
warm dark matter. First, consider the case in which all of the dark matter is 
in the form of warm gravitinos. In order to be viable dark matter candidates, 
the gravitinos should be able to reproduce the observed large scale structure 
properties. In linear theory, two useful quantities are erg and the excess power 
EP The excess power compares the mass fluctuation on 25/i~^Mpc scales 
to that on Sh~^M.^c scales, relative to that of standard CDM: 

j^p ^ a(25fe-iMpc)/a(8fe"iMpc) 

CTCDAf(25/i-iMpc)/acDAf(8/i-iMpc) ^ ' 

Observationally, EP = 1.3±0.15, which means there is more power on 25/i~^Mpc 
scales than would be expected from a standard cold dark matter scenario. In 
Table [l] we list the values of cts and the excess power for the two gravitino 
models, one of which freezes out before the electroweak phase transition, when 
g*{TD) — 107, and the other which freezes out after the electroweak phase 
transition, when g,,{T£i) ~ 62. As is evident from this table, neither of these 
gravitino models does any better than sCDM when compared to the large scale 
structure data. 

As a curiosity, it is interesting to consider what kind of signature these par- 
ticles would leave on the microwave background anisotropy. Figure |l| shows the 
microwave background anisotropics, which have been calculated using a mod- 
ified version of the code of Seljak and Zaldarriaga [Q, for the two gravitino 
models as well as the standard cold dark matter model. Note that the power 
spectrum is very similar for both models. It is worth considering whether mi- 
crowave background satellite experiments could distinguish these models from 
the standard CDM model. In the discussion that follows, we shall assume that 
there are no systematic errors present and that there are no correlations be- 
tween pixels. Although this is not strictly true, it is not too far off, since both 
the MAP and PLANCK satellites should be able to measure the anisotropy to 
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about 1% In this case, the uncertainty in the C;S is 

where at — 7.43xl0~^(6'/^/i,„/l°), and fsky is the fractional sky coverage of a 
given experiment^ This formula is for the case that the whole sky is observed 
and a fraction (1 — fsky), such as the Milky Way galaxy, is subtracted. In cal- 
culating the error, we will assume 2/3 sky coverage, which was approximately 
the sky coverage of COBE. In practice, the MAP and PLANCK satellite experi- 
ments should be able to cover more sky, since they have a much smaller beamsize 
than COBE, reducing <ti [Q. Notice that for small I, the dominant error is due 
to the y/2/{2l + 1)/ fsky term. This describes the error due to cosmic variance, 
i.e., on large angular scales there are only a small number of independent mea- 
surements that can be made. This error becomes relatively unimportant at high 
I, where instead the error is due primarily to the finite resolution of the beam. 
Assuming no systematic errors, the MAP satellite, with an angular resolution 
of 0.2°, has w-^ = 0.8 x lO'^^ in the 90GHz channel, while the PLANCK satel- 
lite, with an angular resolution of 0.17°, has w^^ — 3.3 x 10^^® in the 143GIIz 
channel gl^, 

To get a rough idea of whether or not the gravitino models are experimentally 
distinguishable from sCDM, we can compare the experimental sensitivity to the 

•^Strictly speaking, this formula holds only if there is no correlations between the C;s [43|. 
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Figure 2: Theoretical and experimental 6C1/C1 for sCDM and pure gravitino 
WDM which freezes out before the electroweak phase transition 




Figure 3: Theoretical and experimental SCjJCi for sCDM and pure gravitino 
WDM which freezes out after the electroweak phase transition. 
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Figure 4: Theoretical and experimental 5Ci/Ci for the two gravitino models. 



percent difference between the gravitino models and sCDM. Figures I and I 
show 5Ci/Ci for the two gravitino models with respect to standard cold dark 
matter, as well as the precision with which the CiS can be measured by the MAP 
and PLANCK satellites. Naively, the difference between the WDM and sCDM is 
below the threshold of both MAP and PLANCK 's sensitivity. But in the interval 
400 < I < 600, where the signal to noise ratio is about 1/2, averaging over the 
200 multipoles can boost the experimental sensitivity of MAP by a factor of 
\/200 ~ 14, resulting in a signal to noise ratio of about 7. Things are even 
better for PLANCK. Another cause for optimism is that both experiments will 
have a larger sky coverage, and PLANCK will probably have a better sensitivity 
than used in these calculations. As Figure || shows, however, neither satellite 
could distinguish between these two warm dark matter scenarios. Equivalently, 
for a fixed Qw and , the microwave background anisotropy is not very sensitive 
to the mass of the gravitino. 

4.1 Hot and Warm Gravitinos 

Since gravitinos do no better than sCDM in terms of large scale structure, is it 
still possible for them to comprise the dark matter? Perhaps. Since the gravitino 
is the lightest supersymmetric particle, it can also be produced by the decay 
of heavier supersymmetric particles. LEP searches for supersymmetric particles 
give a lower limit of ~ 17GeV for neutral supersymmetric particles. Because 
the gravitinos have a mass m.3/2 ~keV, the gravitinos that are produced in these 
decays will be extremely relativistic [2^ . Therefore it may be possible to have 
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two populations of gravitinos, one of which is a thermal relic that freezes out 
in the early universe and behaves like warm dark matter, and another that is 
produced non-thermally by sparticle decays and behaves like hot dark matter. 
In the discussion that follows, we will assume that the sparticles that decay 
into the gravitinos do so very early in the universe, well before galaxies begin 
forming. In this scenario, the non-thermal distribution of gravitinos is cold now 
(just like eV neutrinos, which were once relativistic, are non-relativistic now). 
Finally, rather than hazarding a guess about the precise details of the model, we 
will simply use the fact that, cosmologically speaking, the gravitinos produced 
by sparticle decays behave just like regular neutrino hot dark matter. Note that 
unlike hot dark matter, which may have two hot neutrinos, there is only one 
hot gravitino in this scenario. 

As before, we will consider two types of gravitinos, one of which freezes 
out before the electroweak phase transition and another that freezes out after- 
ward. We will also consider two values of Qh- 0.2 and 0.3. Therefore, the four 
warm/hot gravitino models are: 

1. g^iTo) = 62, ilhot = 0.2, rUg = lOleV 

2. g^iTo) = 107, nhot = 0.2, rUg = 175eV 

3. g^iTo) = 62, n,,,t = 0.3, rUg = 87eV 

4. g^iTo) - 107, nhot = 0.3, rUg = 151eV 

In all of these models h = 0.5 and fif, = 0.05, the standard CDM values. 
In Table |^ we list the values of trg and the excess power for sCDM, the best 
fit mixed dark matter (MDM) model, which has il^ ~ 0.2 with two massive 
neutrinos and Qc — 0.75 p9| , and the four warm/hot gravitino models. Unlike 
the case in which all of the dark matter is a warm gravitino, these four models 
do quite well in accounting for the observed large scale structure properties, 
recalhng that as = 0.5 - 0.8 and EP = 1.3 ± 0.15. Notice that Models 3 and 
4, which have Qhot — 0.3, have lower values of CTg and more excess power than 
Models 1 and 2, which have ^hot = 0.2. This is just what would be expected 
from adding more hot gravitinos to the mix. 

Now consider the microwave background anisotropy. Figure |^ shows the 
angular power spectra of MDM with fi^ = 0.2, Ny = 2, ilf, = 0.05 and h = 0.5, 
along with the warm/hot gravitino models. Figure |6| shows the angular power 
spectra of sCDM and the warm/hot gravitino models. From these figures, we 
can see that Models 1 and 2 are indistinguishable, as are Models 3 and 4. This 
confirms the results of the last section: the anisotropy is rather insensitive to 
m^; what is more important in these scenarios is rj/j. Notice that although 
all four of the warm/hot gravitino models have a large scale structure which 
is almost exactly like that of MDM, the microwave background anisotropy of 
these models is very similar to sCDM but easily distinguishable from MDM. 

We will conclude this section by asking two questions: 

1. Are the warm/hot gravitino models distinguishable from sCDM? 
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Model 


0-8 


EP 


sCDM 


1.18 


1 


MDM 


0.74 


1.31 


1 


0.8 


1.3 


2 


0.81 


1.28 


3 


0.74 


1.41 


4 


0.75 


1.39 



Table 2: Large scale structure quantities for the gravitino warm/hot dark matter 
models. Also shown are the predictions of standard cold dark matter and a 
mixed dark matter model with Cl^, = 0.2, Ni, = 2. 
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Figure 5: The angular power spectra for an MDM model and the warm/hot 
gravitino models. At the top is the MDM model with fl^, = 0.2, N^, = 2. Just 
below it are models 1 and 2 (which are identical), followed by models 3 and 4 
(which are also identical). 
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Figure 6: The angular power spectra for sMDM and the warm/hot gravitino 
models. 




Figure 7: Theoretical SCi/Ci for Model 1 and Model 3 with respect to sCDM, 
as well as the experimental SCi/Ci for the MAP and PLANCK experiments. 
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2. Are the warm/hot gravitino models with fi/i = 0.2 distinguishable from 
those with flh ~ 0.3? 

With regard to the first question, Figure ^ shows SCi / Ci for Models 1 and 3 with 
respect to sCDM, as well as the sensitivity of the MAP and PLANCK satel- 
lites. As can be seen, both MAP and PLANCK should be able to distinguish 
between a warm/hot gravitino scenario and sCDM, especially after averaging 
over the multipoles to increase the signal to noise ratio. With regard to the 
second question. Figure || shows SCi/Ci for Models 1 and 3. Averaging over the 
multipoles should allow PLANCK to distinguish between these scenarios, espe- 
cially at high I. MAP, however, will probably have considerably more difficulty, 
since on average the signal to noise from I ~ 400 to I — 600 is less than 1%. 

5 Right Handed Neutrinos 

Several authors have considered the idea that the dark matter may consist of 
a population of sterile, right-handed neutrinos. Dodelson and Widrow p5[ , for 
example, investigated the possibility that neutrino oscillations could produce a 
population of sterile neutrinos, although not fast enough for the sterile neutrinos 
to reach thermal equilibrium. In this scenario, the peak production occurs when 
the temperature is of the order of lO's of MeV, in which case — 10.75. In 
later work, Colombi et al. |Q showed that a sterile neutrino produced in this 
way with a mass 46eV does better than sCDM in reproducing large scale 
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Model 


0-8 


EP 


sCDM 


1.18 


1 


= 46eV 


0.92 


1.23 



Table 3: Large scale structure quantities for sCDM and a right-handed neutrino 
model with m,y = 46eV. 
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Figure 9: The angular power spectrum for the standard cold dark matter model 
{fib = 0.05, h ~ 0.5, r^c = 0.95), and the best fit warm dark matter model of 
Colombi et al. with = 0.95. In this model, the warm dark matter is a sterile 
right handed neutrino with a mass of 46eV. 



structure. As can be seen in Table ^ their model has both a more reasonable 
value of as and more excess power than either sCDM or the gravitino model in 
which all of the gravitinos are warm. But there is a hint in (Tg that their model 
still produces too much small scale power, a fact that has been confirmed in 
non- linear simulations ||37|] . 

What kind of signature would a 46eV sterile neutrino leave on the microwave 
background? Figure |^ shows the microwave background anisotropics for stan- 
dard CDM and a sterile neutrino model for which — 46eV. Note that the 
power spectrum is very similar for both models. In Figure |l^ we plot SCi/Ci 
in the angular power spectrum for a 46eV sterile neutrino with respect to the 
cold dark matter angular power spectrum, as well as the precision with which 
the Ci's could be measured by the MAP and PLANCK satellites. As was the 
case with gravitinos and sCDM, the difference between WDM with rriw = 46eV 
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Figure 10: Theoretical and experimental values of SCi/Ci for sCDM and a warm 
dark matter model with = 46eV. 



and sCDM is slightly below the sensitivity of MAP and PLANCK. But just as 
before, both satellites should have better sky coverage and PLANCK may have 
a higher sensitivity. After averaging over the multipoles, PLANCK should prob- 
ably be able to distinguish these two models, especially at high I. For MAP, the 
signal to noise ratio for 400 < / < 600 is, on average, roughly 1/10. Assuming 
fsky = 2/3 and Of^hm = 0.2°, differentiating sCDM and a 46eV sterile neutrino 
model will be more challenging for MAP. 

5.1 Hot and Warm Neutrinos 

Since the sterile neutrino WDM model produces too much small scale power, 
one solution is to add a hot dark matter component. But when the sterile 
neutrinos only have masses of the order of lO's of eV, the seesaw mechanism 
will make the neutrinos so light as to be cosmologically uninteresting. Malaney 
et al. suggested that it is possible to have warm and hot neutrinos by 

imposing a somewhat unnatural hierarchy in the masses of the right-handed 
neutrino fields. If, for example, one field has a mass M' ~ 200eV and the 
others have masses M ~ lO^^'CeV, the seesaw mechanism would lead to a 
population of light neutrinos with « 25h^eV and one warm, sterile neutrino 
with TOuj ~ 700/i^eV, i.e., a mixed hot and warm dark matter scenario. 

Like the warm gravitino, the sterile neutrino will also freeze out rather early. 
In order not to interfere with the nucleosynthesis predictions, it should have de- 
coupled well before nucleosynthesis began. As in the case for the warm gravitino, 
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Model 




EP 


sCDM 


1.18 
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MDM 


0.74 


1.31 
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0.72 


1.34 


2 


0.73 


1.32 



Table 4: Large scale structure quantities for warm/hot right-handed neutrino 
models. 

then, we will consider the possibilities that the sterile neutrino freezes out ei- 
ther before or after the electroweak phase transition, but before the QCD phase 
transition. 

Here we will not only vary the freeze-out temperature (or 5^ (To)), but also 
the hot neutrino content, ^hot: a-nd the number, N^, of hot neutrinos. The 
standard hot dark matter scenarios have either flhot — 0.2 and iV^ = 2 or 
^hot = 0.3 and N^, — 1. We will therefore consider four models: 

1. g,{TD) - 62, ilhot = 0.2, N, = 2, = lOOeV 

2. g.iTo) - 107, nhot = 0.2, N, = 2, m^, = 174eV 

3. g,{TD) = 62, n^ot = 0.3, N, = 1, m„ = 87eV 

4. g.iTo) = 107, nhot = 0.3, N, = 1, m„, = 151eV 

In all of these models, h — 0.5 and ilb = 0.05, the standard CDM values. Note 
that Models 3 and 4 are identical to Models 3 and 4 of the warm/hot gravitino 
models, since in both cases there is only one massive hot particle and g*{Tu) has 
the same value at freeze-out. Therefore, in what follows, we will only discuss the 
first two models. In Table || we list the values of erg and the excess power for: 
standard CDM (sCDM); the best fit mixed dark matter (MDM) model, which 
has ilj, = 0.2 with two massive neutrinos and fie — 0.75; and Models 1 and 2. 
Recalling that EP = 1.3 ± 0.15 and = 0.5 — 0.8, we can see that Models 1 
and 2 agree quite well with the observed large scale structure properties. 

Now consider the microwave background anisotropy. As can be seen in 
Figure the anisotropy for the warm/hot Models 1 and 2 is pretty close to 
that of MDM. This is not surprising, since the warm component is close to 
being cold whereas the hot component is simply regular hot dark matter. Since 
there is no observable difference between Models 1 and 2, i.e., it doesn't seem 
to matter when the right-handed neutrinos freeze-out, we plot the theoretical 
5CilCi for Model 1 and MDM as well as the experimental 5Ci/Ci for the MAP 
and PLANCK satellites in Figure |l^. From this figure, it seems reasonable to 
expect that both MAP and PLANCK can distinguish MDM from the warm/hot 
neutrino models considered here. 
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Figure 11: From top to bottom, the angular power spectrum for MDM, models 
1 and 2, and models 3 and 4. 
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Figure 12: Theoretical and experimental 5Ci/Ci for MDM and Model 1. 
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6 Conclusions 



Warm dark matter is interesting because it offers the possibility of solving the 
dark matter problem entirely in one new sector of the standard model. Unfor- 
tunately, the simplest warm dark matter models do not appear to work: like 
sCDM, they produce too much structure on small scales. An interesting res- 
olution to this problem is offered by supersymmetry. If SUSY is broken at 
relatively low energy scales, it may be possible to have two populations of grav- 
itinos; phenomenologically, this would correspond to a mixture of warm and hot 
dark matter. 

With the exception of the rather unnatural model of Malaney et al. js^, all 
of the warm dark matter models have two rather robust features: 

1. Both WDM and sCDM have a very similar angular power spectrum of 
microwave background anisotropics. 

2. WDM has essentially the same linear large scale structure properties as 
MDM. 

Both PLANCK and MAP should be able to resolve the difference between sCDM 
and the gravitino WDM and warm/hot gravitino models. PLANCK should be 
able to distinguish between sCDM and a sterile neutrino WDM model, although 
MAP may have more difficulty. Nevertheless, these robust features provide a 
strong test of WDM. If, for example, large scale structure suggests MDM, but 
the CMB anisotropics look like those of CDM, this would be a strong signal 
for WDM. On the other hand, if the large scale structure looks like MDM and 
the CMB looks significantly different from CDM, this would be a strong case 
against WDM. Therefore we expect that a combination of CMB and large scale 
structure measurements will confirm or rule out WDM once and for all. 

I would like to thank Ned Wright and Roberto Peccei for helpful comments 
on this work. 
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